Porous titanium-nickel shape memory alloys (TiNi SMA) can be fabricated using special engineering technique. This material is a whole porous material with interconnected pores. This porous TiNi SMA retains the unique properties of solid TiNi SMA. Its porosity and pore size can be controlled. Its application to orthopaedic field is very expected especially in bone substitute and bone implant and so on. The purpose of this study was to evaluate bone tissue response and histocompatibility of porous TiNi SMA in vivo. Thirty block implants (5 mm × 5 mm × 7 mm) of porous TiNi SMA were prepared. Analysis of pore structure of the implant was performed using Hg-porosimetry and scanning electron microscope. Fifteen New Zealand white rabbits were used. Sterile porous TiNi SMA implant was implanted in the defects of proximal tibia metaphysis. Limbs of five rabbits were harvested respectively at 2, 4 and 6 weeks post implantation. Each specimen was embedded in PMMA. Embedded specimen was sectioned into 300 µm thickness with isomet-diamond saw. Quantitative histomorphometric analysis was performed within the each implant. The pore sizes of porous TiNi SMA were 323 ± 89 µm. Porosity was 55.3 ± 6.7%. No apparent adverse reactions such as inflammation and foreign body reaction were noted on or around all implanted porous TiNi SMA blocks. Bone ingrowth was found in the pore space of all implanted blocks. The percent bone ingrowth into the pore space of porous TiNi SMA increased over time. At six week post-implantation, bone ingrowth into pore in TiNi SMA block was very excellent (at 6 week, 78.3 ± 9.7%). This percent bone ingrowth was much higher than that of other porous materials. This in vivo response of porous TiNi SMA observed in this study opens to the possibility that porous TiNi SMA could be used as an ideal bone substitute.
Introduction
Titanium-nickel shape memory alloys (TiNi SMA) have a unique thermal shape memory effect, superelasticity, good corrosion resistance and high damping properties. These properties make it an ideal biomaterial, especially in orthopaedic surgery and orthodontics, and open new possibilities in engineering and more specifically in biomedical engineering. Although these alloys were first introduced in early 1960's, 1) for many years lack of sufficient evidence demonstrating the biocompatibility of TiNi SMA limited the medical application of these materials. Recently, however, the biocompatibility of TiNi SMA has been clarified in welldesigned studies. [2] [3] [4] [5] [6] [7] [8] [9] TiNi SMA implants have been developed and are widely used in cardiovascular and gastrointestinal application. 10) Porous TiNi SMA can be fabricated using special engineering techniques. This material has several advantages over currently used porous biomaterials such as hydroxyapatite and calcium phosphate, which are employed primarily in orthopaedic applications and are relatively fragile in terms of initial strength. This material is intermetallic compound and has an initial strength, which make it possible to apply to the weight bearing areas of body. Actually, our porous TiNi SMA has a good initial strength (yield strength 5-35 MPa, elastic modulus 0.2-0.6 GPa). Advanced techniques enable control over porosity and pore size in porous TiNi SMA. Moreover, porous TiNi SMA retains the unique properties of solid TiNi SMA. These features suggest that porous TiNi SMA has excellent potential as a bone substitute.
However, bone biocompatibility of porous TiNi SMA in bone has not been investigated. Hence, the purpose of this study was to evaluate bone tissue response and histocompatibility of porous TiNi SMA in vivo.
Materials and Methods

Porous TiNi SMA implant
Porous TiNi SMA was fabricated using a self-propagating high-temperature synthesis technique at Bio-Smart Ltd. (Ulsan, Korea). Pore size of porous TiNi SMA could be controlled by adjustment of the fabrication conditions. Thirty block implants (5 mm × 5 mm × 7 mm) of porous TiNi SMA were prepared. Analysis of pore structure of the implant was performed using Hg-porosimetry and scanning electron microscope (SEM). Prior to implantation, the blocks were degreased with 70% ethanol, washed in an ultrasonic bath, and autoclaved at 120
• C for thirty minutes.
Experimental design and surgical procedure
All animal procedures were carefully reviewed and approved by the Investigation Review Committee of Boramae Municipal Hospital. Fifteen skeletally mature New Zealand white rabbits (3.0 kg body weight) were used. The rabbits were anesthetized by subcutaneous injection of Xylazine (10 mg/kg), followed by intramuscular injection of Ketamine (50 mg/kg). Sterile surgical techniques were strictly followed. The medial aspect of the proximal lower leg was shaved, and the skin was sterilized with povidone iodine. The medial proximal tibia metaphysis was exposed and a unicortical defect approximately 5 mm × 5 mm was created using a surgical burr. A 5 mm × 5 mm × 7 mm porous Ti-Ni SMA block was implanted into the defect, press-fitted by hand and checked for stability. The periosteal layer sutured back into position over the implant. This procedure was repeated for the contralateral limb. Radiographs were taken immediately after surgery, then at two, four and six weeks after implantation. Lower limbs of five rabbits were harvested respectively at two, four and six weeks post-implantation.
Histologic study
The proximal portion of tibia including implant was excised for histological examination. Specimens were fixed in 10% buffered formalin for forty-eight hours, then rinsed and stored in 70% ethanol until histology was performed. Before histology, the specimens were rinsed with phosphatedbuffered saline. Following dehydration by serial change of ethanol concentration of in a vacuum desiccator, the specimens were embedded in polymethylmethacrylate (PMMA). Each embedded specimen was sectioned transversely into three equal sections along the length using a Buehler isometdiamond saw (300 µm thickness). Each surface was milled and polished, and then stained with toluidine blue. All specimens were photographed and digitized at 40× magnification. An image analysis program (Image Lab version 2.0.4., MCM DESIGN, Denmark) was used for quantitative histomorphometric analysis.
Results
Pore structure of porous Ti-Ni SMA
SEM examination indicated that the pores of the Ti-Ni SMA implant were interconnected (Fig. 1) . The implant surface was smooth with exception of the cut edge. Actual pore size was determined by measuring the maximum and minimum diameters of a pore on SEM photos of surface in several areas of each implant. The measured pore sizes of porous TiNi SMA were 323 ± 89 µm (n = 30). The porosity (evaluated by Hg-porosimetry) was 55.3 ± 6.7% (n = 30).
Gross findings of implanted porous Ti-Ni SMA
The implanted porous TiNi SMA blocks on proximal tibia of rabbit were stable without any signs of loosening at two weeks; at four and six weeks post-implantation, the blocks were firmly united with host bone. The margin of porous TiNi SMA implant exposed beyond cortex was partially covered with new bone at four and six weeks post-implantation (Fig. 2) . The stability of implanted blocks seemed to increase over time.
Histologic findings and histomorphometry
No apparent adverse reactions such as inflammation and foreign body reaction were noted on or around all implanted porous TiNi SMA blocks. Bone ingrowth was found in the pore space of all implanted blocks. The bone ingrowth was The measured pore size is 323 ± 89 µm. Fig. 2 The gross findings of harvested specimen at 6 weeks post-implantation. The implant was firmly united. The margin of porous TiNi SMA implant exposed beyond cortex was partially covered with new bone and no adverse reaction was noted.
determined to be woven type bone (Fig. 3) . Bone ingrowth into the center of TiNi SMA blocks increased with time.
The percent bone ingrowth into the pore space of porous TiNi SMA increased over time.
At six week postimplantation, bone ingrowth into pore in TiNi SMA block was very excellent (at 6 week, 78.3 ± 9.7%) ( Table 1 ).
Discussion
The ideal artificial bone substitutes must have the good biocompatibility, osteoconductivity, corrosion resistance, biodegradability and initial mechanical strength. The porous TiNi SMA described in this study meet these criteria except for biodegradability. Porous TiNi SMA can be fabricated using special engineering technique (self-propagating high-temperature synthesis technique). This material is a whole porous material with interconnected pores. This porous TiNi SMA retains the unique properties of solid TiNi SMA such like superelasticity, high damping properties and good corrosion resistance. Although fabrication of porous TiNi SMA was somewhat different, its measured material properties were similar to that of solid TiNi SMA and showed similar hysteresis pattern in the stress-stain curve (Kim & Kang, in preparation). Like other titanium alloys, this material forms a titanium oxide (TiO 2 ) film on the surface, which gives the good corrosion resistance.
Pore interconnectivity and superelasticity combined to give porous TiNi SMA pump-like and capillary properties. Porous TiNi SMA can absorb surrounding fluid and provides framework into which bone cells and blood vessel can migrate and grow. These properties are ideal and mandatory to promote tissue growth, and are advantages not seen in other porous biomaterials. In this study, the percent bone ingrowth at six weeks was much higher than that of other porous materials. 11, 12) This result suggests excellent bone biocompatibility for porous TiNi SMA. The in vivo response of porous TiNi SMA observed in this study lends to the possibility that porous TiNi SMA make serve as an ideal bone substitute.
Biocompatibility of TiNi SMA has been clarified in welldesigned studies. [2] [3] [4] [5] [6] [7] [8] [9] Significant numbers of devices made from TiNi alloy are currently available and have been successfully implanted in animals and humans. No signs of corrosion resistance, traces of released alloy constituents or signs of irritation/inflammation have been found in the tissues surrounding TiNi alloy implant for rats, monkeys, dogs and rabbits. Upon gross examination, tissue appeared healthy and all surgical sites were fully healed. SMA implants have also been developed and are widely used in cardiovascular and gastrointestinal applications. 10) In the current study, no inflammation or foreign body reaction to SMA implant was reported. Similarly, metallosis, frequently observed in tissue surrounding the titanium-base alloy (Ti6Al4V) implant, did not occur.
For ideal bone ingrowth (osteoconduction), optimal porosity and mechanical stability with minimal micro-motion are very important. 11, 13) By manipulating and adjusting the size and ratio of titanium and nickel powder, we have been able to control the pore size and porosity in porous TiNi SMA implant (Kim & Kang, in preparation). Porosity of a material can influence mechanical properties such as strength, strain and superelasticity. Porous TiNi SMA can be manufactured to closely resemble bone by controlling the porosity. The wide range of pore size (100 to 600 µm) has been reported as optimal for bone ingrowth. 14, 15) The mean pore size for porous TiNi SMA used in this study was 323 ± 89 µm (n = 30), and the porosity was 55.3 ± 6.7% (n = 30). This dimension is very similar to that of real bone.
Although other porous materials like hydroxyapatite, calcium phosphate and porous polymer have good biocompatibility and osteoconductivity, they are relatively fragile with regard to initial strength. Application of this material is limited to largely non-weight bearing areas of body. 11, 16) For the application of these materials to the weight bearing site, the external or internal support system is indispensable. In comparison, this porous TiNi SMA has a good initial strength (yield strength 5-35 MPa, elastic modulus 0.2-0.6 GPa). Given this structural advantage, porous TiNi SMA can serve as an ideal bone substitute, particularly in femoral or tibial applications that bear large mechanical load.
Taken together, porous TiNi SMA exhibits the best biomechanical properties of current porous biomaterials, and future applications may be potentially limitless. Potential applications of porous TiNi SMA include bone augmentation, tumor resection/reconstruction, fracture fixation, spine fusion and joint replacement. Using this porous TiNi SMA, we are now devising and developing the various designees of bone substitute.
Conclusions
Porous TiNi SMA is a whole porous material with interconnected pores and retaining the unique properties of solid TiNi SMA. This study showed excellent bone biocompatibility of porous TiNi SMA. The in vivo response of porous TiNi SMA observed in this study opens to the possibility that porous TiNi SMA could be used as an ideal bone substitute.
